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ABSTRACT 
Electrospinning is a fascinating 
technique to fabricate micro-/nano-scale 
fibers using a wide variety of materials.  
Molecular entanglement of the polymer 
solution was found to be an essential 
prerequisite for electrospinning.1, 2 In this 
study, poly lactic-co-glycolic acid (PLGA), 
one of the most widely used polymers in 
pharmaceutical manufacturing, has been 
used to investigate the correlation between 
electrospinnability and rheological 
properties of PLGA. Electrospinnability was 
evaluated visually in terms of stability of the 
cone-jet and by scanning electron 
microscopy (SEM) observation of the fibers 
formed. The relevant viscoelastic properties 
of the polymer solutions were evaluated by 
a rheometer.   
 
INTRODUCTION 
Electrospinning has been recently 
attempted in pharmaceutics field to design 
novel drug delivery systems.2 3D scaffold 
matrices produced by electrospinning can 
bio-mimic micro-/nano-scale, porous 
artificial matrices, which is promising for 
tissue engineering.3  For electrospinning, 
high voltage is used to generate charged 
polymer solution with sufficient molecular 
entanglements. As the voltage is increasing 
above the balance between Coulombic 
repulsion and surface tension, a stable jet is 
discharged from the tip of the Taylor cone. 
Due to sufficient chain overlap and 
entanglements of the polymer solution, a 
whip-like motion between the capillary tip 
and the grounded collector formed, and this 
motion results in thinning of the jet and 
formation of micro-/nano- scale fibers.4 
PLGA is a biocompatible and 
biodegradable polymer, which is an 
attractive polymeric candidate used for drug 
delivery and tissue engineering application5. 
The rheological properties of the solution 
ultimately determine whether fiber 
formation is possible through 
electrospinning. Systemic rheological 
investigations of polymer solution correlate 
with electrospinnability are still limited at 
present.6-9  
In this study, a specific molecular weight 
PLGA dissolved in proper solvent at 
different concentrations was studied to 
investigate the correlation between 
electrospinnability and rheological 
properties of PLGA solutions, and the 
electrospinning performance of PLGA under 
different processing conditions. 
 
MATERIALS AND METHODS 
PLGA (LA: GA, 50:50, molar ratio) 
with inherent viscosity (25°C, 0.1%, CHCl3) 
in the range 0.61-0.74 dl/g was purchased 
from Evonik (Darmstadt, Germany). 
Molecular biology grade N,N-
dimethylformamide (DMF) and anhydrous 
grade tetrahydrofuran (THF) were obtained 
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from Sigma-Aldrich (Denmark). All 
materials were used as obtained.  
PLGA was dissolved in DMF-THF 
(50:50, v:v) at concentrations of 15% and 
30% (w/v), respectively, at room 
temperature. Assemble of the 
electrospinning setup was as shown in Fig. 
1. The distance between the nozzle tip to the 
grounded collector was 10 cm, and flow rate 
was 10 µL/min. The voltage was adjusted to 
get a stable cone-jet.  
 
 
Figure 1. Schematic illustration of a typical 
electrospinning setup. 
 
The viscoelastic properties of different 
concentrations of PLGA solutions were 
investigated using the DHR-3 Rheometer 
(TA instruments, USA). All samples were 
analysed on DHR-3 using the cone plate 
geometry (diameter = 40 mm, 1 degree) at 
10°C, using solvent trap to create a 
thermally stable vapour barrier, eliminating 
solvent loss during rheological experiments. 
Oscillatory amplitude sweep tests were 
conducted with strain between 0.01 and 
1000% to determine the linear viscoelastic 
region of each solution.  Subsequently, 
oscillatory frequency sweeps were 
performed at torque of 1.0 µN·m   and 
angular frequencies between 0.1 to 100 
rad/s. The viscosities of solutions under 
shear rate were investigated through a 
logarithmic steady shear rate increase from 
0.1 to 1000 s−1.  
 
RESULTS AND DISCUSSION 
Rheological characterization of PLGA in 
DMF:THF=50:50 
Oscillatory strain sweep tests provide 
useful information on the storage and loss 
moduli of PLGA solutions in response to the 
applied shear strain. From the collected data 
the linear viscoelastic region can be 
identified and used to conduct dynamic 
oscillatory frequency sweep tests in the 
solutions. The results demonstrated a 
concentration dependent loss modulus (Fig. 
2), which is independent of strain, with the 
loss modulus increasing approximately 1 
order of magnitude for PLGA concentration 
increasing from 15% to 30%. The linear 
viscoelastic region of the polymer solutions 
was between 0.1 to 50% strain. 
 
 
 Figure 2. Oscillatory strain sweep of PLGA 
solutions at different concentrations. 
 
 
 
Figure 3. Shear viscosity of PLGA solutions 
at different concentrations. 
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Flow sweep was used to evaluate the 
shear induced changes in molecular 
entanglements, interaction, deformation and 
orientation. As expected, increasing PLGA 
concentration yielded solution with higher 
shear viscosity, due to increased molecular 
interaction within the solution (Fig. 3).  
In the detected range, about 30 to 1000 s-
1, the solutions showed independent shear 
viscosity, indicating Newtonian behaviour.  
Oscillatory frequency viscoelasticity 
measurements were performed within the 
linear viscoelastic region at 10 °C. Within 
the frequency range measured PLGA 
solutions were dominated by the loss 
modulus (G″ > G′; Fig. 4). Both the viscous 
and elastic moduli showed significant 
increases in response to increasing angular 
frequency with typical concentration 
dependence for a polymer solution. At a 
higher concentration (30 wt%) of PLGA, G′ 
and G″ are close to parallel, indicating that 
the solution is approaching gelation point, 
though no G′/G″ crossover was observed. 
Low concentration PLGA solutions (15 
wt%) showed similar responses with 
significantly lower storage and loss moduli.  
 
 
Figure 4. Storage and loss moduli as a 
function of angular frequency of PLGA 
solutions at different concentrations. 
 
Electrospinning PLGA solutions 
In order to investigate the effects of the 
PLGA solution rheological characteristics 
on the electrospinning process, the 
electrospun fibers were compared between 
PLGA solutions with different 
concentrations, keeping the processing 
parameters constant during the 
electrospinning process, except for the 
voltage, which need to be adjusted to get a 
stable cone-jet. The conditions and 
outcomes of electrospinning of PLGA 
solutions are shown in Table 1. For the 
lower concentration (15 wt%) solution, 
mixture of micro particles and nanofibers 
were produced by electrospinning. For the 
higher concentration (30 wt%) solution, 
uniform, smooth micro-/nano-scale fibers 
were produced. The morphology of the 
products is shown in Fig.5. Under both 
concentrations, stable cone-jet can be 
generated by adjusting the voltage to 9.5kv 
and 7.5kv for 15 wt% and 30 wt% PLGA 
solutions, respectively.  
 
Table 1. Electrospinning conditions and 
outcomes for PLGA solution 
PLGA 
conc.(wt%) 
Distance 
(cm) 
Voltage 
(kv) 
Flow rate 
(µL/min) Morphology 
15 10 9.5 10 Microparticles /nanofibers 
30 10 7.5 10 Micro-/nano-scale fibers 
 
For electrospinning, the electrostatic 
force need to be sufficient enough to 
overcome the surface tension of the 
solution, then a cone-jet can be formed. 
Surface tension coefficient depends on the 
polymer and solvent. As reported earlier, it 
was assumed the surface tensions of the 
solutions at various concentrations did not 
significantly change.10, 11 High surface 
tension drives towards the formation of 
beads. Changing the polymer concentration 
can vary the solution viscosity. At lower 
concentration, no sufficient entanglements 
and intermolecular interactions exist, the jet 
could not withstand the surface tension of 
the solution and the charged stream could be 
broken up into droplets. Therefore, at 15 
wt% concentration, droplets and nanofibers 
were produced. When the concentration was 
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increased to 30 wt%, the number of 
entanglements and intermolecular 
interactions increased, the polymer solution 
viscosity increased, thereby facilitating the 
formation of defect-free fibers. 
 
 
 
Figure 5. SEM results of electrospun fibers 
at different concentrations. A: 15 wt%; B: 
30 wt% 
 
For the same PLGA polymer, under all 
the same conditions, the morphology of the 
produced samples was dependent on the 
viscoelastic properties of the solution. The 
morphology was changed from mixture of 
droplets and nanofibers to uniform, defect 
free fibers when viscosity of polymer 
solution increased.    
 
CONCLUSION 
Electrospinnability of a polymer solution 
is dependent on viscoelastic properties, and 
sufficient viscosity, which means enough 
molecular entanglements and interactions 
within the solution, is prerequisite for 
electrospinning. 
 
ACKNOWLEDGEMENTS 
This study has been carried out with 
financial support from Graduate School of 
Health and Medical Sciences, University of 
Copenhagen; Department of Pharmacy, 
University of Copenhagen; and Department 
of Chemical Engineering, Biotechnology 
and Environmental Technology, University 
of Southern Denmark.  
 
REFERENCES 
1. R. Sridhar and S. Ramakrishna, (2013), 
"Electrosprayed nanoparticles for drug 
delivery and pharmaceutical applications", 
Biomatter, 3, e24281 
 
2. N. Bhardwaj and S. C. Kundu, (2010), 
"Electrospinning: a fascinating fiber 
fabrication technique", Biotechnol Adv, 28, 
325-47 
 
3. X. Zhu, W. Cui, X. Li and Y. Jin, (2008), 
"Electrospun fibrous mats with high 
porosity as potential scaffolds for skin tissue 
engineering", Biomacromolecules, 9, 1795-
1801 
 
4. D. H. Reneker and A. L. Yarin, (2008), 
"Electrospinning jets and polymer 
nanofibers", Polymer, 49, 2387-2425 
 
5. H. K. Makadia and S. J. Siegel, (2011), 
"Poly Lactic-co-Glycolic Acid (PLGA) as 
Biodegradable Controlled Drug Delivery 
Carrier", Polymers, 3, 1377-1397 
 
6. L. Kong and G. R. Ziegler, (2014), 
"Rheological aspects in fabricating pullulan 
fibers by electro-wet-spinning", Food 
Hydrocolloids, 38, 220-226 
 
7. T. Hodgkinson, Y. Chen, A. Bayat and X. 
F. Yuan, (2014), "Rheology and 
electrospinning of regenerated bombyx mori 
silk fibroin aqueous solutions", 
Biomacromolecules, 15, 1288-98 
 
8. L. Kong and G. R. Ziegler, (2012), "Role 
of molecular entanglements in starch fiber 
formation by electrospinning", 
Biomacromolecules, 13, 2247-53 
 
9. L. Kong and G. R. Ziegler, (2014), 
"Fabrication of pure starch fibers by 
electrospinning", Food Hydrocolloids, 36, 
20-25 
 
10. M. G. McKee, G. L. Wilkes, R. H. 
Colby and T. E. Long, (2004), "Correlations 
of solution rheology with electrospun fiber 
228
formation of linear and branched 
polyesters", Macromolecules, 37, 1760-1767 
 
11. H. Fong, I. Chun and D. Reneker, 
(1999), "Beaded nanofibers formed during 
electrospinning", Polymer, 40, 4585-4592 
 
 
ANNUAL TRANSACTIONS OF THE NORDIC RHEOLOGY SOCIETY, VOL. 23, 2015 
 
 
ABSTRACT 
Authors are requested to follow the 
instructions described in this guide to ensure 
a uniform printing style in the proceedings. 
This document is written following the 
guidelines so you can use it as a template 
when writing your contribution. 
Submissions are due on or before May 31, 
2015. The manuscript of both oral 
presentations and posters must be 
submitted both as a DOC file and a PDF 
file to roland.kadar@chalmers.se. Make sure 
that you use “press quality”, embed all the 
fonts, and set the paper size to A4 when you 
convert the document to PDF. If the 
guidelines are not followed exactly, your 
paper will be returned to you for correction. 
There is also a template in LATEX – please 
contact the editor if you would like it. 
 
INTRODUCTION 
The Transactions Volume 21 will be 
posted on the NRS website after the 
conference, with each paper or poster 
summary in an individual PDF file. Your 
submission of a paper or a poster summary 
implies that you agree to publication in both 
print and PDF format.  
Manuscripts should be written in English 
and be maximum 8 pages long. All 
manuscripts should start with a short 
abstract of maximum 50 words. The 
Abstract should be followed by an 
Introduction section. Authors may use other 
sections with appropriate headings in the 
body of the manuscript. References must be 
the last section. 
 
FONT AND STYLE 
Use 12 point Times Roman font in the 
body of the manuscript, 14 point for the title 
of the paper, and 10 point for superscripts 
and subscripts. Do not use bold type face. 
Be sure to choose a readable font size for 
your figures (8-10 point). 
 
MARGINS 
Use A4 paper (21 by 29.7 cm). Leave a 
blank space of 40 mm of at the top of the 
first page, 26 mm at the top of subsequent 
pages. The bottom margin is set to 36 mm 
on all pages. The left and right margins are 
26 mm and 24 mm respectively.  
Text should be written in two columns 
each 76 mm wide and separated by a width 
of 8 mm. Text should be single spaced and 
right justified. Do not number the pages. 
The first page begins with the title, 
author names and addresses (40 mm from 
the top of the page). Add one blank line 
between the title and the line with the author 
names.  
On the second line below the author 
names, present the affiliation and addresses 
of the authors. Add three blank lines 
between addresses and affiliation and the 
main text. If the authors have different 
addresses use number superscripts to refer to 
 
Submit Your Paper as a PDF File without Page Numbers by May 31, 2015: Use 
Times Roman Font Throughout (14 point for the Title) 
 
Katja Nevalainen1, Jon Wallevik2, and Third Author's Name2 
 
1 Tampere University of Technology, Tampere, Finland. 
2 Innovation Center Iceland, Reykjavik, Iceland 
 
 
229
